reference of unit postcodes rather than wards or administrative districts. In particular, the use of individual level data, geographically referenced by unit postcodes and stored within a geographical information system (G1S), allowed analysis at a range of user-defined spatial areas.
Methods
The study area considered was the area currently defined as Cumbria. 3 The cohort studied consisted of all live and stillbirths born to mothers usually resident in the study area during the period 1 January 1950 to 30 September 1989. During this period stillbirth was defined as fetal death after 28 weeks' gestation. 4 -5 Three statistical analyses were undertaken. The first two analyses compared the observed number of stillbirths within a 25 km radius of Sellafield with the expected number as estimated from the stillbirth rate in the remainder of Cumbria. The third analysis was a logistic regression analysis 6 of stillbirths in the whole of Cumbria investigating the effect on stillbirth risk of the distance and direction of each birth from Sellafield. The Cumbrian database
The study was based on a database containing birth registration details of all births to mothers normally domiciled in Cumbria between 1950 and 1989. 78 In summary, all live and stillbirth registrations for the study area were obtained from the Office for National Statistics (ONS), formerly the Office of Population Censuses and Surveys, and entered into a computer database (Table 1 , section a). Hospital records in Cumbria were searched for details of additional stillbirths to mothers resident in Cumbria. Maternity records in regional referral centres outside Cumbria, i.e., Newcastle, Hexham and Lancaster, were searched for details of live and stillbirths to mothers usually resident in Cumbria ( Figure 1 and Table 1 , section b). The birth registrations corresponding to these additional stillbirths were requested from ONS and the details added to the database. For a small number of births, predominantly stillbirths, ONS were unable to identify the relevant birth registrations and in these instances the birth details from hospital records were added directly to the database (Table 1 , section c).
The mother's residence at the birth of the child was postcoded using Post Office postcode directories 9 and hence each birth was assigned a grid reference using the Post Office Postzon file. 10 The Postzon file provides grid references accurate to 100 m for the first property in each unit postcode. The father's occupation, as recorded on the birth certificate, was coded and hence the social class was derived." Algorithms based on parents' names were used to identify siblings and multiple births and to assign birth order. Whether or not the father was recorded on the birth certificate was also flagged. A small percentage of the cohort, 0.6% of live births and 0.4% of stillbirths, could not be postcoded (Table I) as the address on the birth registration was illegible or the location could not be identified. These births were excluded from any further analysis, as were multiple births as they may not represent independent events.
Poisson probability mapping of stillbirth numbers by distance annuli and direction from Sellafleld
A comparison was made of the observed and expected numbers of stillbirths to mothers domiciled in distance annuli around Sellafield, by decade. Taking the point location of Sellafield as NY 027 039,' cirdes of radius 5, 10, 15, 20, 25 km centred on Sellafield were drawn and the distance annuli defined as the areas between successive circles (except for the innermost 'annulus' which was actually the area defined by the innermost CUMBRIA SELLAFIELD Figure 1 Cumbria and the major maternity referral centres outside Cumbria in the North of England circle) (Figure 2) . A point-in-polygon overlay was performed with the GIS Arc/Info 12 to assign each birth to a distance zone. Expected stillbirth rates within each area were estimated from rates in the remainder of Cumbria. The logistic regression facilities in the statistical package Stata 13 were first used to model how the probability of a stillbirth varied with social class, year of birth, birth order, and whether or not the father was recorded on the birth certificate, for births outside the 25 km zone around Sellafield. As the presence or absence of the father's name on the birth certificate was strongly confounded with social class it was treated as another category in the social class classification. The baseline for the presentation of results for social class was taken to be social class Him as the largest number of births was in this social class. These probabilities were then used to estimate the expected number of stillbirths within the 25 km zone.
The expected number of stillbirths in each annulus for each decade was compared with the observed number of stillbirths using Poisson probability mapping. 14 the expeaed and a one-tailed significance test was used. Annuli where the observed numbers of stillbirths were greater than the expeaed number were mapped when the Poisson probability was significant at the 0.001, 0.01 and 0.05 levels.
In addition, the 25 km zone was divided into the three direaional seaors: north west, north east and south east, with the origin centred on Sellafield (Figure 3 ). These seaors enabled the investigation of potential effeas downwind of the plant; assumed to be north east of the installation given the south, south-west or west prevailing wind system in the British Isles. 16 The three direaional seaors were overlaid with the five distance zones to produce 15 sub-seaors ( Figure 3 ). Poisson probability mapping was undertaken for all seaors and sub-seaors.
Cumulative observed and expected stillbirth numbers by distance from Sellafield
The cumulative observed and expeaed numbers of stillbirths within the 25 km zone around Sellafield were calculated for increasing distance from Sellafield; both for the entire zone and within the direaional seaors. The expeaed stillbirth numbers were derived, as outlined above, from the logistic regression model describing stillbirths outside the 25 km zone. The 95% confidence interval (CI) for the expeaed number of stillbirths was derived from the standard error of the probability prediaed by the logistic regression model.
Logistic regression analysis of stillbirths throughout Cumbria
To investigate further the observed pattern of stillbirth risk in relation to Sellafield, a logistic regression analysis was undertaken considering all births in Cumbria. This analysis included, as explanatory variables additional to those considered in the logistic regression analysis described above; firstly, a monotonically decreasing funaion of the distance, d, of each birth from Sellafield, which was taken to be 1/d, and, secondly, the direaional bearing of each birth from Sellafield. Births were grouped into six direaional categories of approximately equal numbers of births ( Figure 4 ). Distance and direaion were considered independently of each other to avoid spurious effeas of distance which might be introduced by the inclusion of greater numbers of births at greater distances due to the widening out of direaional categories. Finally, the possible effeas of distance within each direaional category were considered. These explanatory variables allowed the modelling of a putative risk faaor which may increase with proximity to Sellafield and which may be higher in particular direaions. 
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Results
The total numbers of live and stillbirths within and outside a 25 km radius of Sellafield and the sources of ascertainment are shown in Table 1 . The odds ratios (OR) for the risk of stillbirth for all births outside the 25 km zone around Sellafield, estimated using logistic regression, are shown in Table 2 .
The stillbirth rate in Cumbria has fallen dramatically, from 24.6 per 1000 births in 1950 to 4.7 per 1000 births in 1989. The logistic regression analysis showed that this decrease over time was best modelled by a quadratic term in year (which corresponds to, for example, an OR of 0.90 in 1960, 0.64 in 1970 and 0.37 in 1980 relative to a baseline of 1.0 in 1950). There was a trend for risk of stillbirth to increase with decreasing social class in every decade (P < 0.001 for a linear test for trend). The risk of stillbirth varied with birth order and this variation was modelled by using five categories: birth order 1, 2, 3, 4 and 3>5. Observed and expeaed stillbirth numbers over time, within and outside the 25 km zone around Sellafield, are presented in Figure 5 The expeaed numbers of stillbirths in both instances were estimated from the logistic regression model describing stillbirths outside the 25 km zone.
The standardized stillbirth ratio (SSR) within the 25 km zone around Sellafield, standardized using the stillbirth rate in the remainder of Cumbria adjusted for year of birth, social class and birth order, was 1.02 (95% CI : 0.95-1.09), indicating that there was no significant difference in the stillbirth rate in the areas within and outside 25 km of Sellafield.
The Pearson % 2 test 17 (x 2 = 1288, 1477 d.f., P = 0.9999) and a goodness of link test of the logit link 18 (P = 0.701) both suggested that the model was acceptable. An interaaion term for each of the three covariates was entered into the logistic regression model but did not appreciably improve the model fit (P > 0.05 for each term).
Poisson probability mapping of stillbirth numbers by distance annuli and direction from Sellafield
Figures 2 and 3 show the Poisson probability mapping of stillbirth numbers by distance annuli and distance/direaional sub-seaor. The numbers of births, stillbirths and the ratio of the observed to expeaed numbers of stillbirths for each areal unit are presented in Table 3 .
The The five stillbirths within the 25 km zone around Sellafield that could not be postcoded (Table 1 ) and had therefore been omitted from the analysis were assigned to the closest postcodes to Sellafield consistent with the very limited information on the stillbirth registrations, but this did not materially influence the results. (Figure 7b ) the observed was close to the expected over the whole range considered. The observed number of stillbinhs was consistently less than the expected in the south east sector (Figure 7c ), until 23 km where it became higher. The observed number of stillbirths was within the 95% CI in all analyses except between 14 km and 22 km in the nonh west sector (Figure 7a ).
Logistic regression analysis of stillbirths throughout Cumbria
Results of the logistic regression analyses of stillbirths throughout Cumbria, with the additional explanatory variables of distance (model a) or directional bearing of each birth from Sellafield (model b), are presented in Table 4 ; the OR for the other explanatory variables were very close to those presented in Table 2 for births outside the 25 km zone around Sellafield. There was a non-significant decreasing risk of stillbirth with increasing proximity to Sellafield. There was a significantly increased risk of stillbirth in direaion category 2 and a non-significant increased risk of stillbirth in direction category 3, relative to the baseline category 1. Categories 2 and 3 are north east of Sellafield, and may be considered downwind. The increased risk in category 2 was still significant (P < 0.01) when it was compared with the remaining five categories considered as a group. This elevated risk was due to an excess of stillbirths in some areas far outside the 25 km zone around Sellafield. There was no significant variation in risk of stillbirth with distance within any of the six directional categories (P > 0.05 for all categories). Inspection of residuals by distance from Sellafield, within directional sectors and time periods, confirmed the absence of any obvious spatial pattern of deviation from the model.
Discussion
The study is estimated to have approximately 80% power, at the 95% confidence level, to detect a relative risk of stillbirth of 1.5 in the 5 km annulus around Sellafield. 19 National statistics show a decline in the stillbirth rate in England and Wales from 23.0 20 to 4.7 per 1000 births 21 in the 40 years from 1950. This trend was closely followed in Cumbria although rates were generally higher. Likewise the trend with social class and single mothers reflected that reported in national statistics. 2223 The assumption that exposure to emissions from Sellafield may be modelled as the inverse of distance can be only an approximation. The function 1/d was chosen by analogy with its use by Bithell 24 as a score for each birth in linear risk score tests for excess risk around a point source.
Meteorological factors may affect the deposition of pollutants such that exposure may not decrease monotonically with increasing distance and may not peak downwind of the source. 25 However, Jones ct al., 26 have suggested that, in general, around Sellafield, an assumption of an exponential decrease in radionuclide deposition is reasonable and this can be closely approximated by the inverse of distance. Release of pollutants from a high chimney stack may result in deposition occurring at some distance from the source, with a low level of material deposited immediately around the source. 27 To allow for the possibility of such an effect, those binhs within 5 km of Sellafield were removed from the logistic regression analysis but this did not appreciably change the results. It was assumed that Sellafield was a single point location. However, radioactive material from Sellafield enters the atmosphere from a number of points and through discharges into the sea. 28 
Summary of results and comparison with previous studies
The three analyses undertaken in the present study, in which we were able to estimate the expected stillbirth rate using two different methods, are consistent in their lack of support for an increased stillbirth rate closer to Sellafield.
The Poisson probability mapping showed geographical heterogeneity of risk of stillbirth within a radius of 25 km of Sellafield, but found no evidence for increased risk with increasing proximity to Sellafield or in any particular direction. The excess risk was predominantly in two areas: one between 10-15 km from Sellafield in the north west seaor in the time period [1950] [1951] [1952] [1953] [1954] [1955] [1956] [1957] [1958] [1959] and the other between 15-20 km from Sellafield in the north east seaor in the time period 1980-1989. The first area was highly populated (5666 births) and hence there was greater power to detea a significant excess. There was also a slight excess of stillbirths in all time periods in the south east seaor between 20-25 km from Sellafield which was only significant when the four decades were considered together.
The plotting of the cumulative observed and expeaed numbers of stillbirths by distance from Sellafield has the potential to show an excess risk of stillbirth close to Sellafield. Whilst Figure  7b (north east seaor) indicates some excess up to 5 km from Sellafield this was well within the CI of the expeaed number of stillbirths and refleas less than one excess stillbirth.
In the logistic regression model, the large number of births distant from Sellafield dominated the estimates of the effeas of demographic faaors, effeas which were explicitly estimated from births outside the 25 km zone in the previous analyses. On the other hand, births close to Sellafield have dominated in estimating the effea of variation of stillbirth risk with the inverse of distance from Sellafield. The closest birth to Sellafield was at approximately 0.5 km from the point grid-reference assigned to Sellafield. The logistic regression model (Table 4) indicated that the odds of stillbirth at distance, d, from Sellafield compared to the odds at this distance were 0.66 (1/d~2) , which would take the value of approximately 2.3 for Cumbrian births The results are consistent with other studies 1 ' 2 investigating stillbirths in relation to distance from Sellafield. Sorahan and Waterhouse 2 looked at stillbirth rates in the county district of Copeland between 1949 and 1981 and found no evidence to suggest an increase in the stillbirth rate around Sellafield following either the Windscale fire in 1957 or radioaaive discharges from the plant into the Irish Sea in the 1960s. A study of stillbirths 1 between 1981 and 1991 in wards whose centroids fell within concentric 5 km distance annuli around Sellafield found no evidence of an inaease in the stillbirth rate closer to Sellafield. Figure 8 highlights how misclassification of births to distance annuli can occur when the centroid of the ward in which the birth occurred is used to geo-reference the birth. 1 A strength of the present study is the geo-referencing of births by unit postcodes, which on average comprise 24 households, and which resulted in each birth within a 25 km radius of Sellafield being assigned to one of 2961 postcodes compared to one of 32 wards.
Conclusions
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